abbreviations CC = corpus callosum; DCS = direct cortical stimulation; DTI = diffusion tensor imaging; EHI = Edinburgh Handedness Inventory; FA = fractional anisotropy; fMRI = functional MRI; FN = false-negative; FP = false-positive; FT = fiber tracking; IC = interhemispheric connectivity; NPV = negative predictive value; nTMS = navigated transcranial magnetic stimulation; O1 = first object; O2 = second object; PPV = positive predictive value; PTI = picture-to-trigger interval; RMT = resting motor threshold; ROC = receiver operating characteristic; ROI = region of interest; TN = true-negative; TP = true-positive. obJective Resection of brain tumors in language-eloquent areas entails the risk of postoperative aphasia. It has been demonstrated via navigated transcranial magnetic stimulation (nTMS) that language function can partially shift to the unaffected hemisphere due to tumor-induced plasticity. Therefore, this study was designed to evaluate whether interhemispheric connectivity (IC) detected by nTMS-based diffusion tensor imaging-fiber tracking (DTI-FT) can be used to predict surgery-related aphasia in patients with brain tumors. MethoDs Thirty-eight patients with left-sided perisylvian brain lesions underwent cortical language mapping of both hemispheres by nTMS prior to awake surgery. Then, nTMS-based DTI-FT was conducted with a fractional anisotropy (FA) of 0.01 and 0.2 to visualize nTMS-based IC. Receiver operating characteristics were calculated for the prediction of a postoperative (irrespective of the preoperative state) and a new surgery-related aphasia by the presence of detectable IC. resUlts Language mapping by nTMS was possible in all patients. Seventeen patients (44.7%) suffered from surgeryrelated worsening of language performance (transient aphasia according to 3-month follow-up in 16 subjects [42.1%]; new permanent aphasia according to 3-month follow-up in 1 patient [2.6%]). Regarding the correlation of aphasia to nTMS-based IC, statistically significant differences were revealed for both evaluated FA values. However, better results were observed for tractography with an FA of 0.2, which led to a specificity of 93% (postoperative aphasia) and 90% (surgery-related aphasia). For postoperative aphasia, the corresponding OR was 0.1282 (95% CI 0.0143-1.1520), and for surgery-related aphasia the OR was 0.1184 (95% CI 0.0208-0.6754). conclUsions According to these results, IC detected by preoperative nTMS-based DTI-FT might be regarded as a risk factor for surgery-related aphasia, with a specificity of up to 93%. However, because the majority of enrolled patients suffered from transient aphasia postoperatively, it has to be evaluated whether this approach distinctly leads to similar results among patients with permanent language deficits. Despite this restriction, this approach might contribute to individualized patient consultation prior to tumor resection in clinical practice.
T he resection of brain tumors that are located within so-called eloquent areas entails the inherent risk of causing a functional deficit that reduces the patient's quality of life. Regarding tumors that are located within language-eloquent brain regions, the risk of surgery-related aphasia is one of the main factors that can limit the overall extent of resection significantly and therefore has to be considered during patient counseling. To achieve a reasonable balance between resection and preservation of neurological function, the application of preand intraoperative neuroimaging and mapping methods is essential. 7, 9, 10, 46 Regarding mapping of human language, navigated transcranial magnetic stimulation (nTMS) has already proven to be a helpful and reliable tool that correlates well with direct cortical stimulation (DCS), the gold standard in terms of functional mapping. 21, 36, 37, 56 Furthermore, the use of nTMS mapping data for diffusion tensor imaging-fiber tracking (DTI-FT) principally allows for the detection of subcortical language-related pathways.
50
In this context, nTMS-based DTI-FT represents a combination of functional and structural neuroimaging that is able to provide individualized information on cortical and subcortical functional anatomy.
These data can be used during surgery by implementation in the neuronavigation; they can also be used to evaluate patients by visualizing their individual functional anatomy in the vicinity of the tumor. Yet, these data could also be of value to allow for the assessment of patients' risk for surgery-related aphasia in surgical decision making. In this context, various studies have already investigated language reorganization within the human brain due to intracranial pathologies, and language plasticity was reported to occur as a partial shift of language function to the unaffected hemisphere. 3, 6, 20, 42, 60 Such a compensatory shift between hemispheres has to be mediated somehow, and it seems obvious that the corpus callosum (CC), which represents interhemispheric connectivity (IC) as the largest white matter structure that connects homologous and nonhomologous brain regions, 13, 14, 58 might play a crucial role in this context. Indeed, there are initial studies using functional MRI (fMRI) available that report on enhanced IC both in the context of motor and language compensation mechanisms, 31, 39 which underlines the presumable involvement and modulation of IC in the context of plastic brain reshaping due to intracranial pathologies in general.
Additionally, there is evidence specifically derived from recent nTMS trials showing that language function can partially shift to the unaffected hemisphere during the course of tumor-induced plasticity, 20, 42 indicating that the healthy hemisphere seems to be able to partially take over language function from its impaired homolog, most likely emerging from the attempt to compensate for a potential loss of function. Thus, IC detected by nTMS could be an essential factor that might be altered in the course of such an interhemispheric shift. If so, preoperative assessment of nTMS-based IC would allow for functional evaluation and surgical risk stratification in the individual patient. Thus, the present study was designed to evaluate whether IC detected by nTMS-based DTI-FT correlates with surgery-related aphasia in patients undergoing left-sided perisylvian brain tumor resection during awake surgery.
Methods ethics considerations
The present study was approved by the local institutional review board and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients.
Patient selection
Overall, 38 patients were enrolled in the present investigation between 2011 and 2014. Patients were eligible for participation if they were over 18 years old and were diagnosed with a tumor localized within perisylvian areas of the left hemisphere (i.e., classic language-eloquent regions). Exclusion criteria were general nTMS exclusion criteria (e.g., the presence of a cochlear implant or cardiac pacemaker). In addition, patients with severe aphasia that did not allow for nTMS language mapping were not included.
study Design
All patients underwent MRI, preoperative repetitive nTMS for cortical language mapping of the left and right hemispheres, and nTMS-based DTI-FT. Tumor resection was performed during awake surgery including intraoperative neuronavigation, intraoperative DCS, and subcortical language mapping. 21, 35, 36, 47, 55 Aphasia was assessed during the preoperative, postoperative (on the 5th postoperative day), and follow-up examinations (3 months after surgery) using a modified grading scale as published earlier (0 = no aphasia, 1 = mild aphasia, 2 = moderate aphasia, 3 = severe aphasia, A = nonfluent aphasia, and B = fluent aphasia). 21, 52 Postoperative aphasia was defined as any grade of language impairment at the 5th postoperative day, regardless of preoperative language function. Surgery-related aphasia was defined as any change in language performance when comparing pre-and postoperative language function (Table 1 ). All aphasia grading was done by a medical doctor with neurosurgical training.
imaging Parameters
Scanning was conducted with a 3-T MR scanner (Achieva 3T, Philips Medical Systems) through the use of an 8-channel phased-array head coil. Imaging included a T2-weighted FLAIR (TR/TE 12,000/140 msec, voxel size 0.9 × 0.9 × 4 mm 3 , acquisition time 3 min) and a 3D T1-weighted gradient echo sequence (TR/TE 9/4 msec, 1 mm 3 isovoxel covering the whole head, acquisition time 6 min 58 sec) with and without intravenous application of gadopentetate dimeglumine (Magnograf, Marotrast GmbH) for contrast enhancement. Furthermore, DTI sequences were acquired with 6 (TR/TE 7571/55 msec, spatial resolution of 2 × 2 × 2 mm In each subject, motion artifacts of the acquired DTI data were adjusted using the software of the MR scanner. The contrast-enhanced 3D gradient echo sequences and Oy) . First, a contrast-enhanced 3D gradient echo sequence of the patient was uploaded to the system's software because it was needed for individualized neuronavigation. The head position of each patient was then tracked by reflectors fastened to the head with an elastic strap and an infrared tracking camera (Polaris Spectra). Moreover, the coil position was followed by reflectors fixed to the back side of the magnetic coil. This setup allowed for controlled coil movement and coil detection during nTMS. 24, 44 In this context, the current approach for nTMS language-mapping trials has been repeatedly described. 15, 22, 23, 30, 41, 42, 54, 56 Briefly, the resting motor threshold (RMT) was first determined to be able to individually adjust the stimulation intensity during language mapping. Muscle electrodes (Neuroline 720, Ambu) were placed over the abductor pollicis brevis muscle. We identified the most excitable spot in the precentral gyrus to assess the exact RMT value, which is commonly defined as the lowest stimulation intensity that elicits motor evoked potentials greater than 50 mV in amplitude in 50% of stimulation trials. 43 We determined the RMT separately for each hemisphere because both hemispheres were examined.
During language mapping, the patients were instructed to name everyday objects as quickly and precisely as possible. 22, 30, 42, 54 The objects were displayed on a screen and the assortment was similar to the objects of Snodgrass and Vanderwart. 49 Initially, the subjects had to perform the object-naming task twice without stimulation, and objects that were misnamed or did not elicit clear responses were discarded. 22, 30, 42, 54 The remaining objects constituted the baseline and were used in the mapping session, and they were presented in randomized order during stimulation. If a patient was not able to sufficiently perform baseline testing due to aphasia or incompliance according to the evaluation of the examiner and at least 1 medical doctor with profound nTMS experience, he or she was excluded from the present study.
Each mapping was performed according to a protocol that has proven to be reliable in recent nTMS investigations. 21, 22, 30, 36, 51, 54, 56 The nTMS pulses were applied timelocked to the objects (display time 700 msec, interpicture interval 2500 msec), and the picture-to-trigger interval (PTI) was 300 msec in the first 10 patients and 0 msec in the remaining 28 patients. There is evidence for both PTIs, 17, 41, 45, 62 but we decided to switch to 0 msec with regard to a recent evaluation of the advantages of 0 msec for nTMS language mapping when compared with awake mapping. 23 Both hemispheres were examined in consecutive order, and each stimulation target was stimulated 3 times before moving the coil to the next stimulation spot during the interpicture interval. A video camera recorded both the baseline testing and the language mapping for later offline analysis. * Overview of subject-related characteristics including sex, age (in years), tumor entity, extent of resection, and aphasia gradings. Postoperative aphasia was defined as any grade of language impairment at the 5th postoperative day, regardless of preoperative language function. Surgery-related aphasia was defined as any change in language performance when comparing pre-and postoperative language function. In addition, nTMS mapping parameters (RMT for the left and right hemisphere; mapping intensity as a percentage of the RMT; mapping frequency) and DTI-FT results (detectability of nTMS-based IC; number of nTMS-based IC fibers) for tractography with FA values of 0.01 and 0.2 are shown.
The stimulation videos were systematically searched for naming errors by comparing them to the corresponding baseline recordings as described previously. 15, 22, 30, 36, 54 This was done by at least 1 experienced and trained investigator, and a linguist was available for support in unclear cases. All detected naming errors were classified as no-response errors (complete lack of naming response), performance errors (articulatory or language production errors), neologisms (production of nonexistent words), phonological paraphasias (unintended phonemic modification of the target word), or semantic paraphasias (substitution of a semantically related word for the target word). These error categories are most frequently used during nTMS analyses and have been described precisely in recent publications. 22, 30, 42, 54 Each stimulation point at which a naming error of 1 of these categories was elicited was defined as a language-positive spot.
After analysis of nTMS mapping data, we transferred all left-and right-sided language-positive spots to an external Brainlab iPlan Net server via the DICOM standard. Hence, all language-positive spots derived from preoperative nTMS mapping were implemented into the neuronavigation system, and these functional landmarks were used for resection planning and intraoperative resection guidance in all patients. Tumor resection was then performed during an awake surgery approach, which included intraoperative neuronavigation, intraoperative DCS, and intraoperative subcortical stimulation, according to current practice.
21,35,36,47,55

Diffusion tensor imaging-Fiber tracking
As described above, all language-positive spots (stimulation spots at which naming errors of the described categories were elicited) were transferred to an external Brainlab iPlan Net server to allow for neuronavigation planning and DTI-FT. Only error points were uploaded to the server, whereas language-negative spots (stimulation spots at which no naming errors were elicited during nTMS) were not taken into account. The software performs DTI-FT based on a deterministic tracking approach, which reconstructs subcortical white matter fibers on the basis of the fiber assignment by continuous tracking (FACT) principle. 32 This software has been used repeatedly for nTMS-based DTI-FT and represents one of the most common and well-distributed clinical tractography tools in neurosurgery. 12, 19, 50 First, the left-hemispheric and right-hemispheric language-positive nTMS spots were uploaded as 2 separate data files, and both were fused with the same preoperatively obtained FLAIR, gradient echo, and DTI sequences. Eddy current correction was applied throughout. The stack of merged data was then used for intraoperative neuronavigation, and it constituted the basis for later DTI-FT. Each imported nTMS spot was displayed as a column consisting of 3 solitary points belonging to the same language-positive nTMS spot at 0, 5, and 10 mm from the cortical surface in the data set.
Next, objects eligible for subsequent DTI-FT had to be determined for the software. Thus, the file containing all left-hemispheric language-positive spots was displayed, and the whole group of these individual spots was defined as the first object (O1). The same was done with the righthemispheric language-positive spots in an analogous way: the corresponding file was opened, and the entire group of right-hemispheric spots was defined as the second object (O2). Consequently, 2 single objects (O1 and O2) were created. Then, 2 separate regions of interest (ROIs) were generated from these objects by simply defining each object as a single ROI. Accordingly, O1, which was previously generated from the left-hemispheric data file, became the left-hemispheric ROI, whereas O2 became the right-hemispheric ROI (Fig. 1) . During the step of ROI definition, an additional rim of 5 mm was added to each languagepositive spot. As a result, 2 ROIs were visualized: The first ROI solely consisted of left-hemispheric language-positive spots, whereas the second one only included right-hemispheric points derived from the nTMS data. The immediate definition of O1 and O2 as ROIs replaces the conventional drawing method for ROI definition.
Subsequently, tracking of white matter fibers that were connecting these 2 ROIs was performed with a minimum fiber length of 40 mm. Regarding the fractional anisotropy (FA), tracking was conducted separately with 2 values (0.01 and 0.2) until predefined stop criteria were reached (FA value, fiber angulation > 30°). In this context, 0.01 represents the lowest FA value technically possible for DTI-FT, whereas 0.2 led to reliable results in nTMS-based tractography of motor pathways in recent trials. 12, 19 With respect to these adjustments, the DTI-FT algorithm calculated all fibers in between the 2 ROIs. If no fibers were tracked, the condition was defined as IC-(no IC detectable; Fig. 1 left) , whereas the visualization of at least 1 fiber connecting the 2 ROIs was defined as IC+ (IC detectable; Fig. 1 right) . In cases of IC+, the software's output consisted of a directionally encoded color map of white matter fibers, which all originated from either the left-or right-hemispheric ROI and went to the contralateral ROI. By definition, for later correlation with clinical data, nTMS-based IC was present when there was at least 1 fiber visualized that connected the left-hemispheric ROI with the right-hemispheric ROI (IC+), whereas there was no nTMS-based IC registered when there were no fibers present between these 2 ROIs (IC-). Furthermore, the software displayed the overall number of tracked fibers. If no nTMS-based IC was present (IC-), the corresponding fiber number was 0.
To additionally evaluate the quality of DTI scans (especially in cases where no nTMS-based IC was revealed), DTI-FT was performed separately with a manually drawn ROI at the CC without the language-positive nTMS spots to track callosal fibers.
In addition to the language-positive nTMS spots that were displayed during intraoperative neuronavigation, DTI-FT results in the affected hemisphere were also accessible during surgery. However, the results of the nTMSbased IC assessment were not provided before or during tumor resection.
statistical analysis
All statistical data analyses were performed using GraphPad Prism (GraphPad Prism 6.04). Regarding patient and mapping-related characteristics as well as fiber numbers, the mean ± SD, median, minimum, and maximum values are reported. Differences between left-and right-hemispheric mapping parameters were tested by an independent samples t-test (statistical significance p < 0.05).
Regarding aphasia, contingency tables were generated based on the total number of patients diagnosed with or without aphasia preoperatively, on the 5th postoperative day, and during follow-up after 3 months in relation to the detectability of IC by nTMS-based DTI-FT. To assess whether nTMS-based IC could serve as a predictive parameter for aphasia in patients with brain tumors, the OR and the corresponding 95% CI were calculated. Moreover, a chi-square test revealed whether differences in these characteristics were significant or not (statistical significance p < 0.05).
In addition, we calculated receiver operating characteristics (sensitivity, specificity, positive predictive value [PPV], and negative predictive value [NPV]) based on the obtained DTI-FT results. 26 In this context, aphasia represented the ground truth, and the following conditions were defined as follows: 1) true-positive (TP)-IC was detected and aphasia was found; 2) true-negative (TN)-no IC was detected and no aphasia was found; 3) false-positive (FP)-IC was detected and no aphasia was found; and 4) false-negative (FN)-no IC was detected and aphasia was found.
Based on these 4 conditions, the potential influence of the PTI on the obtained tracking results was examined because 2 different PTIs were used during language mapping in the present study (300 msec and 0 msec). This was done by additional contingency analyses systematically comparing these conditions between the patients who were mapped with 300 msec and 0 msec. Again, a chi-square test was used to assess statistical significance (statistical significance p < 0.05).
results
Patient characteristics
The median age of the cohort, which consisted of 12 women (31.6%) and 26 men (68.4%), was 39 years (range 20-74 years). According to the Edinburgh Handedness Inventory (EHI), 35 subjects (92.1%) were right-handed (EHI 80.1 ± 21.5), whereas the remaining 3 patients (7.9%) were left-handed or ambidextrous (EHI -63.0 ± 47.8). All enrolled patients were considered suitable for nTMS language mapping.
Seventeen patients (44.7%) suffered from surgery-related worsening of language performance. Of these 17 patients, 16 (42.1%) were diagnosed with transient aphasia, meaning that language function resolved at least to the preoperative state during the 3-month follow-up interval. Furthermore, 1 patient (2.6%) was diagnosed with a new permanent aphasia that did not resolve to the initial preoperative status during the 3-month follow-up interval. Table  1 gives an overview of subject-related characteristics, including tumor entities and aphasia grades for each patient.
navigated tMs Mapping
Left-hemispheric and right-hemispheric cortical language mapping by nTMS was achieved successfully in all patients enrolled. Each patient had at least 1 language-positive point on each hemisphere with respect to the definition of language-positive nTMS spots given in the Methods section, and language-positive spots were found close to the tumor in all patients with surgery-related worsening of language function. Furthermore, left-hemispheric nTMS resulted in language-positive spots in all left-handed or ambidextrous patients, and left-hemispheric intraoperative DCS elicited clear naming errors in these cases as well. During nTMS mapping, no adverse events were observed.
Furthermore, the mean left-hemispheric RMT was 33.2% ± 7.4% (range 21%-58%) and the analogous righthemispheric RMT was 32.4% ± 7.7% on average (range 21%-58%; p = 0.6712). The mapping intensity related to the individual RMT ranged from 80% to 120% RMT according to the mapping protocol, with a mean of 104.0% ± 9.0%. Table 1 summarizes nTMS mapping parameters for all individuals separately.
Diffusion tensor imaging-Fiber tracking
Using an FA value of 0.01, nTMS-based IC was detected in 16 of 38 patients (IC+ 42.1%), whereas no connectivity was found in the remaining 22 patients (IC-57.9%). During DTI-FT with the CC as the ROI, numerous fibers were detected in all patients. Within the group of patients in whom connectivity was identified, the mean number of visualized interhemispheric fibers was 260.5 ± 394.7 (range 1-1217 fibers; Table 1 ).
Furthermore, tracking with an FA value of 0.2 resulted in detection of nTMS-based IC in 10 of 38 patients (IC+ 26.3%), whereas no connectivity was revealed in 28 patients (IC-73.7%). The corresponding mean number of visualized interhemispheric fibers was 111.0 ± 118.2 (range 2-332 fibers; Table 1) . Table 2 compares the number of patients suffering from aphasia with the number of patients in whom no aphasia was found in relation to the presence of nTMS-based IC for both FA values used. Regarding the comparison for postoperative and surgery-related aphasia for FA = 0.01, there were statistically significant differences (postoperative aphasia: p = 0.0161, OR 0.1429, 95% CI 0.0261-0.7831; surgery-related aphasia: p = 0.0111, OR 0.1705, 95% CI 0.0415-0.7008).
Concerning the corresponding results of the second FA adjustment used in the present study (FA = 0.2), there were also statistically significant differences found for postoperative and surgery-related aphasia (postoperative aphasia: p = 0.0404, OR 0.1282, 95% CI 0.0143-1.1520; surgeryrelated aphasia: p = 0.0090, OR 0.1184, 95% CI 0.0208-0.6754; Table 2) .
Sensitivity, specificity, PPV, and NPV for the 2 FA values to predict postoperative and surgery-related aphasia by preoperative nTMS-based IC are displayed in Table 3 and Fig. 2 . The figure shows that all data points are clearly above the line y = x (random performance) and are located within the left or upper-left part of the graph, reflecting comparatively high TP rates in combination with rather low FP rates.
Regarding a potential influence of the PTI on tractography results, we compared TP, TN, FP, and FN values between the patients that were mapped with 300 msec and 0 msec for both FA values used in the present study. Based on these 4 conditions, the comparison between 300 msec and 0 msec for FA = 0.01 was not significant for postoperative aphasia (p = 0.1107), but it became statistically significant for surgery-related aphasia (p = 0.0387). Concerning tracking with FA = 0.2, the comparisons for postoperative and surgery-related aphasia were not statistically significant (p = 0.1557 and p = 0.1072, respectively).
Discussion navigated tMs-based Dti-Ft related to aphasia
The present study explores whether IC detected by nTMS-based DTI-FT can be used to predict surgery-related aphasia in patients with brain tumors. With regard to language function on the 5th postoperative day of our patient cohort, there were statistically significant differences revealed for both DTI-FT adjustments (Table 2) . Furthermore, nTMS-based IC was found to a variable degree but less frequently in patients without postoperative aphasia compared with the group of patients suffering from postoperative aphasia. A similar correlation of nTMS-based IC and aphasia was also found for surgeryrelated language impairment. However, all patients who were diagnosed with postoperative worsening of language function suffered from transient aphasia, except for 1 patient who suffered from permanent aphasia (Table 1) . This finding seems to restrict the implications of our findings to transient aphasia.
Because nTMS-based IC was not detected in each enrolled patient, we have to be aware of the fact that structural connection between hemispheres is, of course, present in all patients regardless of their grades of language deficits, which was proven by DTI-FT with the CC as the ROI for DTI scan quality assessment in the present trial. In this context, the present study does not claim that anatomical IC is not present in patients where nTMS-based IC was not detectable. Instead, it shows that no detectable IC exclusively based on DTI-FT using individually assessed language mapping data might allow one to draw conclusions about the individual aphasia risk.
Many studies using different neuroimaging modalities have reported on language reorganization within the hu- * Comparison between the number of patients suffering from aphasia and the number of patients in whom no aphasia was found correlated to the presence of IC (IC detected = IC+; no IC detectable = IC−) for both FA values used in the present study. The analysis differentiates between preoperative, postoperative, follow-up, and surgery-related aphasia. There were statistically significant interhemispheric connectivity as a sign of language at risk J neurosurg Volume 126 • January 2017 229 man brain due to intracranial pathologies. 3, 6, 20, 42, 60 In this context, language plasticity was reported to occur as a partial shift of language function to the unaffected brain hemisphere. This principally suggests an interhemispheric reorganization of language function to compensate for impaired cerebral language function. 3, 6, 20, 42, 60 At least since the early split-brain examinations, it has been known that the CC as the main anatomical correlate of structural IC plays an important role, especially for the integrity of language functions. 13, 14 As an interpretation, the detectability of nTMS-based IC might reflect the manifestation of early compensatory mechanisms for recovery of language function via an interhemispheric functional shift when language function is already at risk prior to surgery, because data for DTI-FT are solely based on individual functional data in the present study. Basically, this hypothesis is in good agreement with the aforementioned literature on interhemispheric language reorganization. 3, 6, 20, 42, 60 Moreover, there are initial fMRI-based studies that report enhanced IC in the context of motor and language compensation mechanisms. 31, 39 Regarding the motor system, it was recently shown that motor recovery after stroke is associated with an enhancement of resting-state IC between motor cortices, suggesting compensatory or reactive neural plasticity. 31 With respect to the present study, the finding that task-dependent IC of the language network was increased preoperatively within a cohort of patients with epilepsy might be more important. 39 In this context, a decline during postoperative language tests correlated positively with the strength of preoperative IC, meaning that patients who showed the greatest worsening of language function after surgery were those who previously showed the strongest functional IC. 39 Hence, stronger preoperative IC appeared to be an unfavorable prognostic biomarker, and one could speculate that a correlate in the form of nTMS-based IC was identified in the present study among patients with brain tumors.
However, it is still a topic of debate how the CC mediates information transfer between hemispheres.
58 In this context, theories of inhibition and excitation exist, and both seem to be probable candidates to adequately describe callosal function. 58 With respect to our approach, it could be the case that inhibitory fibers are primarily detected by nTMS-based DTI-FT, which might explain postoperative language worsening due to interhemispheric inhibition. This is speculative and cannot be demonstrated by our present results, but it reflects a hypothetical explanation from a neuroanatomical perspective.
Whereas postoperative aphasia includes both tumor-induced (preoperative) and surgery-related language deficits, surgery-related aphasia solely depicts new or aggravated language impairment due to tumor resection itself. Thus, for these categories, IC detected by nTMS-based DTI-FT could be regarded as a risk factor for the occurrence of at least transient aphasia in patients with brain tumors with a comparatively high specificity, depending on the FA value (Table 3 , Fig. 2 ). However, we are not aware of other literature distinctly investigating IC as a potential aphasia risk factor in patients with brain tumors. Thus, this interpretation has to be confirmed by future studies that include more patients.
We have to note that the reorganization of language function does not seem to be able to compensate for all PPV  88  69  90  80  NPV  50  73  46  68  Sensitivity  56  65  38  47  Specificity  85  76  93  90   * This table shows the sensitivity, specificity, PPV, and NPV for the 2 FA groups to predict postoperative and surgery-related aphasia by preoperative IC based on nTMS data. Regarding surgery-related aphasia, 16 patients (42.1%) suffered from a transient deficit, whereas 1 patient (2.6%) was diagnosed with a new permanent surgery-related aphasia.
Fig. 2.
The TP versus FP fraction for DTI-FT of IC. In this figure, the results for sensitivity are plotted against 1 -specificity for DTI-FT performed with an FA of 0.01 and 0.2 in relation to postoperative and surgery-related aphasia, respectively. For sensitivity, specificity, PPV, and NPV, the following criteria were defined: 1) TP-IC was detected and aphasia was found; 2) TN-no IC was detected and no aphasia was found; 3) FP-IC was detected and no aphasia was found; and 4) FNno IC was detected and aphasia was found. All 4 data points are above y = x (random performance) and are located within the left or upper-left part of the graph, which indicates comparatively high TP rates in combination with low FP rates.
functional impairments in every case. 20, 42 This finding might be reflected by the occurrence of aphasia in some patients in whom nTMS-based IC was not revealed (Table  2) . In this context, we should be aware of investigations showing that language shift to the unaffected hemisphere could also lead to a reduction of language abilities in subgroups of patients. 48 This demonstrates that an ideal correlation or corresponding OR between nTMS-based IC and aphasia might not be achievable per se.
Significance of the Present Study
In general, the creation of ROIs can be performed according to either anatomical or functional data. However, ROI seeding based on anatomical structures depends on the anatomical knowledge of the examiner and is therefore likely to vary from one operator to another. 4, 59 More importantly, correct identification of anatomical landmarks is challenging in patients suffering from intracranial lesions due to the spatial derangement of subcortical fiber pathways. 29, 34, 40 For these reasons, the placement of ROIs based on functional data can be favored, and nTMS mapping is a new modality that can generate data technically suitable for subsequent DTI-FT. In this context, some studies have already successfully used cortical nTMS maps as a source for DTI-FT. 5, 11, 12, 19, 50, 61 As described initially, all language-positive spots derived from preoperative nTMS mapping were implemented into the neuronavigation system and were accessible during surgery. Although the present study does not focus on the correlation between preoperative nTMS maps and intraoperative DCS results, it should be mentioned that a good correlation of nTMS and DCS language maps has been demonstrated. 16, 21, 36, 53, 56 Interestingly, the overall agreement between nTMS and DCS language maps was higher when compared with corresponding results of fMRI or magnetoencephalography versus DCS. 16, 53, 56 However, nTMS performed with the current stimulation protocols has been shown to be more sensitive and less specific when compared with DCS.
16,36
Furthermore, there are hints that nTMS language mapping might have a positive impact on clinical parameters because it has been shown to be associated with smaller craniotomies and lower postoperative deficit rates. 52 The present study explored whether nTMS-based DTI-FT can be used to predict surgery-related aphasia, thereby providing further evidence that nTMS might potentially expand its role as a beneficial tool in neuro-oncological patients.
Overall, the majority of patients with new language deficits were diagnosed with transient aphasia (Table 1) . Therefore, we may only be able to state that IC detected by nTMS-based DTI-FT correlates with transient aphasia. This is because only 1 patient suffered from a new permanent aphasia, whereas all other patients showed no new or only transient language impairment. This observation does not imply that our approach is inapplicable to permanent aphasia in general, but rather suggests that larger patient cohorts or multicenter studies are needed to enroll enough patients with permanent deficits to confirm our results. In the present study, the single patient with permanent deficits showed IC, which could be a motivating factor for performing future investigations.
Moreover, although the aphasia grading used in the present study is regarded as sufficiently accurate for most neurosurgical patients, 21, 52 it still seems to be comparatively rough from a more linguistic point of view. Language function is complex, and most postoperative neurosurgical classifications might not cover all aspects of language during the testing period. In other words, some patients might be diagnosed with no impairment even though there is a certain degree of slight or subclinical deficit present. Such impairment is not likely to be relevant for the overall neurosurgical evaluation, but we hypothesize that the use of more sensitive assessments could improve the specificity of our approach. The functional outcome of the patient is important and becomes increasingly crucial for the evaluation of the neurosurgeon's success within the context of the individual onco-functional balance. 10 Thus, predictive tools such as our approach, in combination with finergrained clinical assessments, seem to be gaining increased importance.
Although IC might primarily be regarded as a risk factor for transient aphasia, it can still be beneficial in daily clinical practice from both the neurosurgeon's and the patient's perspective. From both viewpoints, preoperative risk stratification is valuable because it is intended to inherently support decision making. For the neurosurgeon, detection of nTMS-based IC might create awareness of language function being at risk even in patients for whom mere anatomical imaging may not have suggested it. The result could be more careful and thorough intraoperative stimulation to preserve function. Additionally, preoperative patient consultation might be improved because any statements about the functional outcome could be supported by clinical data derived from individual nTMSbased DTI-FT. Moreover, from the patient's perspective, preoperative knowledge about the presumable postoperative status might influence the decision for or against surgery, in a more enlightened state. The present approach mainly provided data for transient deficits, but prediction of this kind of temporary impairment could strengthen the postoperative acceptance of transient impairments among patients. Although a specificity of up to 93% was shown in the present study (Table 3 and Fig. 2 ), further potential benefits of our approach should be carefully tested in upcoming studies.
Although the ROC and corresponding ORs do not reach optimal values, they still allow for functional assessment and consultation of each patient via individualized functional data. In this context, the data points in Fig. 2 , which graphically depicts the results of sensitivity against 1 -specificity, can be found above y = x (diagonal line reflecting random performance). Generally, each data point is characterized by a TP-FP rate pair, and high TP rates in combination with low FP rates symbolize perfect classification. 26 Thus, the upper triangular region above y = x contains spots with high TP-low FP values. All of our data points are localized within this area (Fig. 2) , indicating comparatively high quality of our testing approach. We are not aware of any previous trials to investigate the surgeryrelated aphasia risk in patients with brain tumors, based on individual functional data. Hence, the present study represents an encouraging first approach for presurgical risk stratification in such patients. As aforementioned, this additional information might contribute to individual decision making and the preservation of neurological function as the crucial goal in neurosurgery. 10 
limitations of Dti-Ft
Although our results are promising and should be valuable for individual assessment of the postoperative aphasia risk, we must be aware of some limitations of the DTI-FT technique. With regard to crossing or kissing white matter fiber bundles, it has been demonstrated that reliable reconstruction of such fiber courses can be challenging (or even impossible) for the tracking algorithms. This is because DTI is still unable to resolve more than a single fiber direction within each imaging voxel. 2, 8, 19, 27 Especially when the FA value is set comparatively low and, therefore, a high number of fibers is visualized, this limitation can influence the correct fiber visualization. The tracking result might then not necessarily reflect reality. However, new technical approaches, such as q-ball imaging, may compensate for the problem of fiber crossings.
33,57
Furthermore, DTI-FT of fiber tracts in the vicinity of a brain tumor or within tumor-related edema can be vulnerable to FN results, mainly due to low anisotropy values.
2,19
In an area where tumor infiltration can be found, the normal white matter architecture of the brain is disordered. More than 1 fiber population probably occupies the same voxel, which makes it complicated to reliably reconstruct white matter pathways.
2,18,38 Yet, our study shows increases in fiber tracts when tumor infiltration is close to functional pathways. Thus, reducing this shortcoming of reduced fiber reconstruction in the vicinity of intracerebral lesions might even increase the PPV and specificity of our presented approach.
Moreover, as already discussed, the majority of patients who showed new language deficits postoperatively were diagnosed with transient aphasia (Table 1) . As a consequence, we might only be able to state that IC detected by nTMS-based DTI-FT correlates with transient aphasia, although 1 patient with a permanent deficit and IC was detected. In addition to nTMS-based IC, which might act as a risk factor for surgery-related aphasia in the present study, other parameters may also contribute to surgery-related language deficits. Although the present study enrolled a rather large cohort of patients with brain tumors, it did not systematically account for other factors (e.g., the tumor entity or tumor size) within the scope of a multivariate analysis. To perform this type of statistical evaluation, further studies that enroll more patients are needed.
Regarding a potential influence of the PTI on tractography results, the comparison concerning postoperative aphasia between patients mapped with 300 msec and 0 msec for FA = 0.01 and the comparison for postoperative and surgery-related aphasia for FA = 0.2 were not statistically significant, according to our results. Overall, these analyses suggest that results to predict whether IC detected by nTMS-based DTI-FT correlates with aphasia are not significantly dependent on the PTI used. However, the comparison regarding surgery-related aphasia for FA = 0.01 was statistically significant. Because surgery-related aphasia was comparatively less common among the patients mapped with 300 msec (Table 1) , we suppose that this difference was primarily due to unequal aphasia distribution between the patients mapped with 300 msec and 0 msec.
Although these analyses might show that the results presented in this study are not significantly dependent on the 2 PTIs, we believe it is important to state that there is only 1 nTMS PTI comparison study for preoperative mapping available, 23 and the distinct impact of different PTIs on the intrasubject level has yet to be investigated. As aforementioned, clear evidence for both PTIs is available, 17, 41, 45, 62 but data on the impact of the PTI on tracking results are lacking. Hence, further studies are probably needed to refine our approach.
challenges of ntMs-based Dti-Ft
For detection of language-eloquent cortical and subcortical areas, intraoperative stimulation techniques represent the current gold standard in neurosurgery. Numerous studies have tested the accuracy and reliability of DTI-FT for identification of language pathways in comparison with intraoperative mapping, and a good overall correlation between the modalities has been reported.
1, 25, 28, 33 However, the question remains whether tractography that is exclusively derived from nTMS language-positive spots accurately reflects reality. Because the present study focused on the prediction of aphasia, this circumstance should not limit the significance of our work. However, further studies are needed to confirm preoperatively gained nTMS-based DTI-FT results by intraoperative subcortical stimulation.
Besides intraoperative validation, further work investigating optimal tracking parameters for nTMS-based DTI-FT is needed. In this context, our study has shown that the number of visualized fibers and specificity as well as sensitivity values clearly depend on the FA value used for tractography, which could be compensated for by the introduction of an optimal tracking protocol for nTMSbased DTI-FT of subcortical fibers associated with language function.
conclusions
In general, IC detected by preoperative nTMS-based DTI-FT can be regarded as a risk factor for aphasia in patients with brain tumors with a specificity of up to 93%. However, because the majority of enrolled patients suffered from transient aphasia postoperatively, it has to be evaluated whether our approach leads to similar results among patients with permanent language deficits. Despite this restriction and the limitations of the DTI technique, this novel approach might allow for individual patient consultation prior to tumor resection in clinical practice.
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